On a green or red background, the action spectrum of the pupillary responses evoked following the offset of chromatic test flashes shows a prominent short-wavelength lobe and suggests the contribution from photoreceptors other than the previously inferred M-and L-cones (Kimura & Young, Vision Research (1996). 36, 1543 -1550), most likely from S-cones. Systematic changes in the shape of the intensity versus amplitude functions with test wavelengths and in the shape of the short-wavelength lobe with response amplitude criteria suggest an antagonistic interaction involving the short-and longer-wavelength photoreceptors.
Introduction
The pupil, the aperture stop of the eye, provides control of the retinal illumination and depth-of-focus. So, the finding that the pupil responded to chromatic changes in the stimulus field was unexpected. In one demonstration, a pupillary constriction was evoked by temporally changing the chromaticity of a stimulus field while maintaining constant luminance, field size, and field position (Kohn & Clynes, 1969; Saini & Cohen, 1979; Young & Alpern, 1980) .
In a second demonstration (of particular relevance to the present study), the pupil constricted in response to the offset of a chromatic flash on a steady background (Kohn & Clynes, 1969; Kimura & Young, 1995) . Although such flash offset produces both a luminance decrement and a chromaticity change, the OFF constriction can be attributed to the chromaticity change because the luminance decrement ordinarily causes the pupil to dilate. In accordance with this view, the offset of a red flash on a red background or a red flash on the dark background produced only a pupillary dilation; but the offset of the same red flash on a white or a green background produced a transient OFF constriction followed by the dilation.
Recent studies show that the pupillary response to chromatic flashes on a steady white background exhibits 'opponent-like' properties. Krastel, Alexandridis & Gertz (1985) found that the pupillary action spectrum was virtually identical to the spectral sensitivity curve of the psychophysical chromatic channel. Specifically, the pupillary action spectrum exhibited a dip in sensitivity near 570 nm (Sloan notch), a property associated with the cone opponency of a red-green chromatic process (Sperling & Harwerth, 1971; King-Smith & Carden, 1976) . Kimura & Young (1995) refined and extended Krastel et al.' s findings by showing that the pupillary responses evoked by chromatic flashes on a white background were composed of several functionally distinct components and that the cone-opponent action spectrum was associated with the OFF response component. Subsequently, Kimura & Young (1996) showed that the pupillary response in the chromaticflash-on-white-background paradigm exhibited a property analogous to perceptual red-green hue cancellation. The pupillary response evoked by a red flash was nulled by adding green to the flash. Thus, the present theory is that the pupillary light response is mediated by several visual processes (Young, Han & Wu, 1993; Young & Kennish, 1993) , that one process responds to changes in chromaticity (Kohn & Clynes, 1969; Young & Alpern, 1980; Young, Han & Wu, 1993) , and that this 'chromatic' process is at least partially mediated by M-and L-cone opponent interaction when tested on a white background (Krastel, Alexandridis & Gertz, 1985; Kimura & Young, 1995 , 1996 .
The objective of the present study was to investigate whether photoreceptors other than M-and L-cones also mediate the pupillary constriction evoked by the offset of chromatic flashes on a steady background. Previous studies provided good evidence that S-cones contribute to the pupillary light response (Verdon & Howarth, 1988) , but the issue of whether S-cones contribute to the pupillary responses evoked by chromaticity changes is unresolved. Investigating pupillary responses evoked by tritanopic metamers alternating at 0.94 Hz in color-normal observers, Verdon & Howarth (1988) found some evidence of second harmonic responses, i.e. correlates of the chromatic alternations in the stimulus, but the investigators stated that the responses were 'not present in all trials and there was much variability between individuals'. In addition, they were unable to rule out the presence of a stimulus artifact in their experiment as the cause of the second harmonic response. Young & Alpern (1980) reported that, in two of three deuteranopes, the pupil responded to the temporal exchange of isoluminant 560 and 498 nm lights in the fovea but not to that of isoluminant 560 and 650 nm lights and suggested that the chromatic response may be mediated by S-as well as M-cones. In a more recent study concerned primarily with the Mand L-cone interactions, Kimura & Young (1995) showed that, in two of three color normal observers, the action spectrum for the OFF response obtained on a steady white background seemed to have a shortwavelength lobe. But as the peak of the short-wavelength lobe was only 0.3 -0.5 log units above the trough, the evidence was not strong.
Methods
The pupillary responses were recorded on moderately intense chromatic backgrounds that (as described later) were designed to preferentially adapt M-and L-cones. The stimulus apparatus was the same Maxwellian view optical system used in previous studies (Kimura & Young, 1995 , 1996 . In the present study, one channel produced a steady chromatic background field and a second channel with a grating monochromator produced test flashes of different wavelengths (4 nm half bandwidth). Both the test and steady background fields were of 30°diameter and centered at the observer's fixation. The test field was flashed for 6 s. The background was green or red in most of the experiments.
The green background was composed of wavelengths near 500 nm (half bandwidth less than 5 nm). The red background had a broad-band spectrum with a peak near 640 nm (half bandwidth of 87 nm). In some experiments, an orange background was also used. The orange background had a broad-band spectrum with a peak near 595 nm (half bandwidth of 80 nm).
The pupillometric recording method was similar to that described previously (Kimura & Young, 1995 , 1996 . In brief, the pupillary responses were recorded from the observer's right eye using an infrared video pupil tracking system (ISCAN model RK-416) while the observer viewed the stimulus with the left eye. At the beginning of an experimental session, the observer dark-adapted for at least 10 min and then preadapted to the background field for 2 min. The stimulus conditions were tested in a pseudorandom fashion during each experimental session which lasted 3 h. Each stimulus condition was repeated at least 30 times during the course of the experiment.
In an ancillary experiment, psychophysical thresholds were obtained using the same spatiotemporal stimulus configuration as in the pupillometric recording. The observer was instructed to detect a change in the appearance of the stimulus field following the flash onset. The thresholds were determined using a method of limits with at least four ascending and four descending series. The thresholds reported are the averaged values.
Six observers with no history of ocular or health problems participated in the present study. They all had normal color vision and normal visual acuity. Written informed consent was obtained from each observer prior to the start of the study. None of them were on medication during the testing period.
Results
Psychophysically derived test spectral sensitivity curves ( Fig. 1 ) establish that perceptual S-cone responses can be isolated for the spatiotemporal stimulus parameters and observers used in the present pupillometric study. The variability in the shape of the longwavelength portion of the spectral sensitivity curves is consistent with the expectation that the long-wavelength backgrounds used preferentially desensitized the M-and L-cone mechanisms (Stiles, 1939) . As is traditionally held, these background conditions isolate (albeit to different degrees) the perceptual S-cone mechanism for short-wavelength test flashes. The best isolation is obtained on the intense orange background, as inferred from the absence of a long-wavelength lobe (for five of the six observers).
We estimated the S-cone action spectrum for our observers in situ by combining their test spectral sensitivity curves as follows: For wavelengths between 400 and 500 nm, we averaged the normalized spectral sensitivity curves across all the background conditions. For wavelengths greater than 500 nm, we used the spectral sensitivity data obtained on the intense orange background. Solid curves in Fig. 1 illustrate, for each observer, the obtained estimate of the S-cone action spectrum for a 30°stimulus field. The shape of this curve is similar to that of the S-cone absorption spectra estimated previously with different experimental methods and conditions (Smith & Pokorny, 1975; Dartnall, Bowmaker & Mollon, 1983; Stockman, MacLeod & Johnson, 1993) .
Pupillary responses were recorded on some of the same backgrounds. The preliminary results, however, showed that the most intense backgrounds were not ideal for the determination of the pupillary action spectrum because, in some observers, the pupillary responses recorded on this background were so attenuated that derivation of the action spectra would not be possible. So after considerable trials, we selected backgrounds that would desensitize the M-and L-cone mechanisms, but yet provide sufficiently clear resolution of the test intensity versus pupillary response amplitude functions across different test wavelengths. The backgrounds selected included an intense red (11.0 log quanta s
; in retinal illuminance, 4.08 log phot Td or 2.76 log scot Td) and a green (9.2 log quanta s
; in retinal illuminance, 2.62 log phot Td or 3.50 log scot Td) background. The degree that S-cones can be isolated psychophysically by these backgrounds is shown in Fig. 1 . The backgrounds bleach less than 0.5% of the S-cone photopigment, as calculated in accordance with Alpern, Maaseidvaag & Ohba (1971) and Wyszecki & Stiles (1982) . The retinal illuminance of the green background would be expected to saturate the rods (Aguilar & Stiles, 1954) .
The pupillary responses recorded on the red and green backgrounds (Fig. 2) have waveform characteristics similar to those obtained on a white background (Kimura & Young, 1995 , 1996 . In particular, the response waveform for short-wavelength flashes exhibits a transient constriction following the flash offset, i.e. the OFF response. For flashes of low to moderate intensities, a transient constriction following the flash onset (ON response) is discernible from a sustained constriction (steady-state response).
The amplitudes of the ON, OFF, and steady-state responses were measured in the manner described by Kimura & Young (1995) . The pupillary constriction amplitudes generally increase as a function of log test intensity (Fig. 3) , with the notable exception that the amplitude of the OFF response saturates (and, perhaps, even decreases slightly) with high test intensities. The shape of the OFF intensity-amplitude function may be important as it appears to vary systematically with test wavelength. Its maximum amplitude generally decreases with test wavelength from 440 through 490 nm for the red background condition (Fig. 3A, top row) and reaches a minimum around 500 nm for the green background condition, at least for two observers (Fig.  3C) . In contrast, the shapes of the intensity-amplitude functions for the ON or steady-state responses are generally less distinguishable for different test wavelengths on either the red (Fig. 3A, B) or green (not shown) background.
The action spectrum for each observer was determined from the reciprocal test intensity required to Fig. 1 . Psychophysical test spectral sensitivity functions illustrating the classical isolation of an S-cone mechanism on intense red, orange, and green backgrounds. The functions for different observers were arbitrarily displaced vertically for clarity. For each observer, the data for the different background conditions (designated by different symbols) were displaced vertically to demonstrate the shape invariance in the short-wavelength spectrum. Solid curves show our estimate of the S-cone action spectrum for each observer (see text). In this and following figures, 'log Q' indicates quantum flux in log quanta s − 1 deg − 2 . ; in photometric terms, 2.62 log phot Td or 3.50 log scot Td). evoke a criterion response amplitude for each test wavelength. To reduce the effect of random amplitude fluctuations, we fitted each set of the intensity-amplitude data with a Naka-Rushton function, allowing for the maximum amplitude among other parameters to vary with test wavelength. The reciprocal test intensities required to evoke a criterion response amplitude were then determined from the best-fitted Naka-Rushton functions. (Note: The Naka-Rushton functions were only used to interpolate between the data points, never to extrapolate the data beyond the test intensities used.) Because the shape of the function for the OFF response varied with test wavelength, the OFF action spectra were derived with a low and a high amplitude criterion.
The pupillary OFF action spectra have a peak sensitivity in the short-wavelength region of the spectrum (Fig. 4) . For the red background condition (Fig. 4A) , the shape of the OFF action spectrum between 440 and 500 nm is similar to that of the S-cone action spectrum (solid curve) in that a reasonably good visual fit between the two can be found simply by vertically displacing one with respect to the other. The average OFF action spectra, however, suggest that the shape of the low-criterion pupillary short-wavelength lobe actually provides a better fit to that of the S-cone action spectrum (Fig. 4C) . The shape of the high-criterion short-wavelength lobe is slightly different. The sensitivity appears to fall off slightly more rapidly from 440 to 500 nm than the low-criterion short-wavelength lobe or the S-cone action spectrum.
The short-wavelength lobe of the OFF action spectrum for the green background condition (Fig. 4B) is not fitted very well by the S-cone action spectrum. For the low-criterion action spectrum, the relative pupillary sensitivities for test wavelengths between 440 and 500 nm are lower than expected for the S-cone action spectrum (observers N and Z). For the high-criterion action spectrum (observers N, R, and A1), the relative pupillary sensitivity near 500 nm falls off sharply relative to the S-cone action spectrum. The fall in sensitivity reflects the fact that the maximum response amplitudes were lower than the criterion amplitude (Fig. 3C) .
The action spectra for the ON and steady-state responses also have a short-and a long-wavelength peak for either the red or green background condition (Fig.  4) . On average, the shape of the short-wavelength lobes of the ON and steady-state action spectra resembles that of the S-cone spectrum, at least to a first approximation (Fig. 4C) . . Pupillary action spectra determined on either a red or green background. The action spectra for individual observers are plotted separately for the red (A) and green (B) background conditions. The action spectra averaged across observers are also plotted (C). The figure illustrates the presence of a short-wavelength lobe in the pupillary action spectra, the similarity in the shape of this short-wavelength lobe with that of the psychophysical S-cone action spectrum (solid curve taken from Fig. 1) , and a change in the shape of the OFF action spectrum between the 'low' and 'high' criteria. The OFF, ON, and steady-state action spectra were all derived using a 'low' ( or 2) amplitude criterion, i.e. 0.04 mm. The 'high' amplitude criterion used for the OFF action spectrum ( or ) was between 0.20 and 0.40 mm for the red background and between 0.13 and 0.20 mm for the green background, depending on the maximum amplitude of the pupillary OFF responses in different observers. For observer Z, the OFF amplitudes for the green background condition were small, so that a high-criterion action spectrum could not be derived. Results for the different amplitude criteria and different backgrounds were arbitrarily displaced vertically for clarity. Arrows designate indeterminable points in the high-criterion OFF action spectra.
Discussion
Our main finding concerns the existence of a shortwavelength lobe in the action spectrum of the OFF constriction evoked on long-wavelength backgrounds (Fig. 4) . A short-wavelength lobe is clearly evidenced by the peak sensitivity at 440 nm and by the definite fall in sensitivity with increasing test wavelength from 440 to 500 nm. Because the spectral shape of the short-wavelength lobe was poorly accounted for solely by M-cones, L-cones or by subtractive or additive interactions between the two and because the shortwavelength lobe was more prominent on the red or green background (Fig. 4) than on a white background (Kimura & Young, 1995) , we infer that the short-wavelength lobe is mediated by S-cones. Rods are unlikely candidates because of the high retinal illuminance of the background used in the present study.
The short-wavelength lobe of the OFF action spectrum, however, is probably not mediated solely by S-cones. We found that the shape of the intensity-amplitude functions varied with short-wavelength flashes (Fig. 3) and that the shape of the short-wavelength lobe varied with response amplitude criteria (Fig. 4) . These observations (in essence, 'univariance failures') imply that the short-wavelength lobe of the OFF action spectrum cannot be accounted for solely by a single class of photoreceptor signals (Naka & Rushton, 1966) . The specific findings that the maximum amplitude of the intensity-amplitude functions systematically decreased with increasing test wavelength from 440 to 500 nm (Fig. 3) , that the sensitivity of the short-wavelength lobe seemed to fall off rapidly over this same wavelength range (Fig. 4) , and that, in some observers, the amplitudes appeared to decrease with high test intensities (Fig. 3C) imply the interaction among the cone signals is antagonistic.
The anatomical site of such antagonistic interaction remains unclear. One hypothesis is that the antagonistic interaction occurs prior to the pupillomotor center. This hypothesis was advanced previously (Krastel, Alexandridis & Gertz, 1985; Kimura & Young, 1995 , 1996 in view of the analogous properties observed between the pupillary and psychophysical results regarding the 'Sloan notch' and 'red-green cancellation'. The analogous response properties suggest that the pupillary and perceptual visual pathways have or share functionally similar visual processes. Accordingly, the finding of an antagonistic interaction involving S-and longer-wavelength cones would further suggest that the pupillary (like perceptual) visual pathway consists of a 'blue-yellow' as well as a 'red-green' opponent process. The alternative hypothesis, however, cannot be dismissed on the basis of the available evidence. This hypothesis posits that the interaction occurs at or after the pupillomotor center. For example, the OFF constriction may interact with the OFF pupillary dilation produced by the reduction in light level following the flash offset. The univariance failures found in the present study would be explicable assuming that the pupillary dilation is mediated predominately by M-and L-cones (even on green and red backgrounds) whereas the OFF constriction is mediated predominately by S-cones.
In conclusion, while more remains to be learnt about the processes underlying the OFF constriction, our results provide a new understanding about the retinal ganglion cells from which the pupillary visual signals originated. Retinal ganglion cells that do not transmit significant S-cone signals would not be likely sources of the visual signals for the short-wavelength-evoked OFF constrictions and would not be the exclusive source for the OFF constrictions in general. This constraint is important because, prior to the present study, one could have been led to believe that the nonlinear summation of M-and L-cone signals in certain types of phasic retinal ganglion cells (Lee, Martin & Valberg, 1989) accounts for the ON and OFF transient pupillary responses (Young, Han & Wu, 1993) . Such ganglion cells do not receive significant S-cone inputs (Gouras & Zrenner, 1981; Dacey & Lee, 1994) . Therefore, they are not likely sources of the visual signals underlying the short-wavelength-evoked OFF constrictions (Fig. 2) . Finally, a caveat from a colleague is worth mentioning. S-cone signals with inverted sign to L-and M-cone signals do contribute to the luminance channel in the perceptual visual system (Lee & Stromeyer, 1989; Stockman, MacLeod & DePriest, 1991) . So, the apparent antagonistic interaction involving S-and longerwavelength cone responses alone is not adequate evidence that the underlying process is 'chromatic' in nature.
